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The purpose of this p r o j e c t  i s  t o  s tudy  t h e  chemical, 
e l e c t r i c a l  and o p t i c a l  p rope r t i e s  of c o b a l t  as an impur i ty  i n  gal l ium 
phosphide. The thermodynamic p r o p e r t i e s  of t e r n a r y  systems c o n s i s t i n g  
of G a A s  or GaP and an added impuri ty  are a l s o  under inves t iga t ion .  
I. In t roduc t ion  
The s tudy of coba l t  doped gal l ium phosphide n a t u r a l l y  
d i v i d e s  i t s e l f  i n t o  t h r e e  pa r t s ,  namely: (1) t h e  me ta l lu rg ica l  
p r o p e r t i e s  of t h e  cobal t -gal l ium - phosphorus t e r n a r y  system; (2) t h e  
e l e c t r i c a l  p r o p e r t i e s  of coba l t  'doped gal l ium phosphide c r y s t a l s ;  
(3) t h e  o p t i c a l  p r o p e r t i e s  of coba l t  doped crystals. The d iscuss ion  
below summarizes our  work during t h e  p a s t  q u a r t e r  on p a r t s  (1) and (2). 
11. Experiement 
Hal l  e f f e c t  and r e s i s t i v i t y  measurements w e r e  made on 
a number of samples of cobal t  doped Gap. The d e t a i l s  of t he  sample 
p repa ra t ion  and of t h e  e l e c t r o n i c  measuring equipment were given i n  
the l a s t  q u a r t e r l y  r epor t  (Ref. 1). 
111. Resul t  
The r e s u l t s  of t h e  electrical measurements a r e  summarized 
i n  Fig. 1. The da ta  po in t s  are from two samples, CS1, and CS2, each 
of which contained 6x1Ol6 cm-3 s u l f u r  and gxl0 l6  cm-3 cobal t .  The 
s i g n  of t h e  Ha l l  c o e f f i c i e n t  showed t h a t  t h e  samples w e r e  p-type. 
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The h o l e  mob i l i t y  ca lcu la ted  from t h e  CS1 and CS2 d a t a  i s  shown i n  
Fig. 2. 
I V .  Discussion 
The i o n i z a t i o n  energy of coba l t  acceptors  i s  0.41 e V  
+0.02 eV. This value i s  ca lcu la ted  from t h e  s lopes  of t h e  p l o t s  
shown i n  Fig. 1. 
The fol lowing arguments w i l l  show why t h e  coba l t  impur i ty  
cannot be t r e a t e d  as a shallow impurity.  The theory  of shal low impuri- 
t ies  r e s u l t s  from expanding the  impuri ty  wave func t ion  i n  t e r n s  of 
Bloch waves. Th i s  expansion i s  not  p r a c t i c a l  when t h e  impur i ty  wave 
func t ion  occupies only a very s m a l l  volume of t h e  c r y s t a l .  A very 
small  o r b i t  i s  i n  some ways analogous t o  an impulse i n  that  both 
r equ i r e  a l a r g e  number of terms i n  t h e i r  F o u r i e r  expansion: a Bloch 
wave expansion i s  e s s e n t i a l l y  the same as  t h e  Four i e r  expansion. So 
t o  see i f  t he  Bloch expansion can be used w e  must estimate t h e  size of 
t h e  impuri ty  o r b i t .  This  can be done by using the  Bohr theory  of t h e  
atom t o  f i n d  the  r ad ius  of t h e  0.41 eV o r b i t .  Such an estimate p laces  
t h e  r ad ius  between 2 and 208 . 
t o  l o c a l i z i n g  t h e  e l e c t r o n  i n t o  16 o r  fewer u n i t  cells. 
l i z i n g  t h e  e l e c t r o n  this much would r equ i r e  a n e a r l y  i n f i n i t e  Bloch wave 
expansion, such an expansion and hence t h e  theory of shallow impuri- 
t ies  cannot be appl ied t o  the coba l t  l eve l  
These values  of the r a d i u s  correspond 
Since  loca-  
V. Conclusions 
An acceptor  l e v e l  0.41 eV above the  valence band has 
been a t t r i b u t e d  t o  cobal t  doping. No o t h e r  l e v e l  t h a t  could be 
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a t t r i b u t e d  t o  cobalt w a s  seen i n  t h e  measurements. It w a s  shown 
tha t  the theory  of shallow impur i t i e s  could not  be appl ied t o  t h e  
coba l t  l e v e l  . 
A f i n a l  r e p o r t  on t h i s  p ro jec t  i s  being prepared and 
should be ready f o r  d i s t r i b u t i o n  i n  t h e  f a l l .  
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FIGURE TITLES 
1. Hall Coef f i c i en t  and R e s i s t i v i t y  as a Function of Reciprocal 
Temperature f o r  Cobal t  Doped Samples CS l ( o )  and CS 2(x). 
2. Hole Mobil i ty  versus  Temperature I n  Samples CS l ( o )  and.CS 2(x).  
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The purpose of t h i s  p ro jec t  i s  t o  s tudy t h e  p repa ra t ion  and 
c h a r a c t e r i z a t i o n  of r e c t i f y i n g  junc t ions  i n  GaP and G ~ A S ~ P ~ - ~  . 
I n  p a r t i c u l a r ,  w e  wish t o  r e l a t e  t h e  s t r u c t u r e  of t h e  c r y s t a l s  t o  the  
e l e c t r i c a l  p r o p e r t i e s  of t h e  junc t ions .  During t h e  q u a r t e r  our  inves-  
t i g a t i o n s  have included f u r t h e r  s tudy of t h e  imperfec t ions  i n  t h e  
GaP crystals  grown i n  t h i s  Laboratory, a look a t  t h e  d i f f u s i o n  f r o n t  
when z i n c  i s  d i f fused  i n t o  GaP, and a c h a r a c t e r i z a t i o n  of two solar 
cells t h a t  w e r e  made from GaP c r y s t a l s  grown i n  t h i s  Laboratory. 
A. Imperfect ions i n  Gallium Phosphide C r y s t a l  
W e  have made a s tudy  of t h e  e t ch  p i t  p a t t e r n s  produced on 
crystals  C1, C3, and C 4  by etchant #1 18 K Fe(CN)6 : 1 2  KOH : 100 H20]. 
C r y s t a l s  C 1  and C 3  had been grown e p i t a x i a l l y  on a {ill) G a  f a c e  of 
3 
a GaAs s u b s t r a t e  by t h e  method u s u a l l y  used i n  t h i s  Laboratory. 
C r y s t a l  C4 had been grown by t h e  same method except  t h a t  it w a s  grown 
on a (111) As f a c e  of t h e  subs t r a t e .  [Ref. 11 
Number 600 g r i t  bonded t o  a rubber  wheel was used t o  cross 
s e c t i o n  c r y s t a l  C1  i n  such a way as t o  expose a (111) plane o t h e r  
t han  t h e  growth plane. Etchant #1 revealed many p lana r  imperfec t ions  
i n  t h e  c r o s s  sec t ion .  It  a l so  revealed t h a t  t h e  d i s l o c a t i o n  d e n s i t y  
was not uniform. There w a s  a h igh  concent ra t ion  of e t c h  p i t s  near  t h e  
face of C1  t h a t  had been attached t o  t h e  subs t r a t e .  This  was 
* 
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followed by a l a y e r  wi th  fewer e t c h  p i t s ,  another  l a y e r  wi th  more, 
and s t i l l  another w i t h  fewer. 
C r y s t a l  C 3  w a s  f i r s t  etched t o  demonstrate conclus ive ly  t h a t  
l a r g e  e t c h  p i t s  form m o s t  c l e a r l y  on the { l l l )  Ga f a c e  of t h e  c r y s t a l ;  
not  t h e  {ill) P f a c e  as s t a t e d  previously.  'Ref* 21 The e t c h  p a t t e r n s  
on c r y s t a l  C 3  also revealed a high d e n s i t y  of both d i s l o c a t i o n s  and 
p l ana r  imperfect ions.  The d i s l o c a t i o n  d e n s i t y  was about 3x105 c m  . -2 
C r y s t a l  C 4  w a s  expected to  be q u i t e  imperfect.  I t  had been 
grown a t  a temperature  t h a t  would have been proper  f o r  growth on a 
{ l l l )  Ga f a c e  of a subs t r a t e ,  but which may have been wrong f o r  growth 
on a (111) As f a c e  of a subs t r a t e ,  The growth su r face  of C 4  w a s  q u i t e  
rough. When e t chan t  #1 w a s  used on a smal l  c h i p  of c r y s t a l  C 4  t h a t  
had been lapped smooth wi th  3200 g r i t ,  two d i s t i n c l y  d i f f e r e n t  reg ions  
of e t c h  p a t t e r n s  developed, suggest ing p o l y c r y s t a l l i n i t y .  Indeed, 
when the Monsanto Company examined another  p i ece  of t h e  same crystal ,  
they concluded t h a t  i t  "was highly twinned and contained a considera-  
b l e  amount of g rosse r  po lyc rys t a l l i n i ty . "  
B. Di f fus ion  of Zinc I n t o  Gallium Phosphide 
Zinc w a s  d i f fused  i n t o  GaP c r y s t a l  C 1  so t h a t  w e  could see t h e  
e f f e c t s  of p lanar  imperfect ions and d i s l o c a t i o n s  on d i f fus ion .  A 
p iece  of crystal  C1, 0.04 cm t h i c k  and wi th  {ill) f a c e s  0.2 c m  by 
0.4 cm, was lapped smooth with 3200 g r i t .  
0.1 mg of z i n c  w e r e  placed i n s i d e  a q u a r t z  tube  w i t h  0.3 cm i n s i d e  
diameter. 
Then t h e  1.1 c m  long s e c t i o n  conta in ing  t h e  c r y s t a l  and the  z inc  
was sea led ,  forming a d i f f u s i o n  ampoule. 
The p i ece  of crystal  and 
The tube  was evacuated t o  a p re s su re  of l ~ l O - ~  mm of Hg. 
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The ampoule was placed i n  a furnace,  and d i f f u s i o n  was a l lowed  
0 t o  proceed f o r  13 minutes a t  1000 C .  Then t h e  ampoule w a s  qu ick ly  
withdrawn from t h e  furnace  and dropped onto the m e t a l  t r a c k  i n  f r o n t  
of t h e  furnace,  quenching the  d i f fus ion .  The ampoule w a s  opened and 
t h e  c r y s t a l  was cleaved to  expose a { l l o )  c r o s s  sec t ion ,  
was then  placed i n  b o i l i n g  aqua r e g i a  f o r  one minute t o  r e v e a l  t h e  
d i f f u s i o n  f r o n t  on the  cleaved su r face  and t o  produce e t ch  p a t t e r n s  
on t h e  [ill) sur faces .  
The crystal  
F igures  1 and 2 show examples of t h e  d i f f u s i o n  f r o n t .  The f r o n t  
i s  c l e a r l y  not p lanar ;  on t h e  average i t  i s  about 4.5 p from t h e  
sur face ,  bu t  i t  has  many sp ikes  which seem t o  have been caused by 
d i f f u s i o n  s h o r t  c i r c u i t s .  Several  of these sp ikes  have s t r a i g h t  l i n e s  
running from the t i p  of the sp ike  t o  t h e  su r face  of t h e  c r y s t a l .  The 
angle  between one of t h e s e  l i n e s  and t h e  s u r f a c e  i s  always e i t h e r  
5 5 O  o r  70°. 
s e c t i o n s  of t h e  traces of (111) planes on a (110) sur face .  
These angles  a r e  those  t h a t  would be made by t h e  i n t e r -  
F igure  2 and 3 show tha t  t h e r e  i s  a c o r r e l a t i o n  between t h e  
p lanar  imperfect ions revealed on the  su r face  of t h e  c r y s t a l  and t h e  
sp ikes  i n  t h e  d i f f u s i o n  f ron t .  The l i n e s  of etch p i t s  marking t h e  
p lanar  imperfec t ions  on t h e  {ill) su r face  of t h e  c r y s t a l  [Fig. 31 
i n t e r s e c t  a t  angles  of 120° and &lo. These angles  are those  t h a t  
would be made by t h e  i n t e r s e c t i o n s  of t he  t r a c e s  of (111) p lanes  on 
a {111) surface.  
a r e  p lanar  imperfect ions p a r a l l e l  t o  {111) planes. 
Thus we conclude t h a t  t h e  d i f f u s i o n  short c i r c u i t s  
- 3- 
Chang and Pearson [Ref. 31 have demonstrated t h a t  z i n c  d i f f u s e s  
i n t o  GaP by t h e  p a r a l l e l  mechanisms of i n t e r s t i t i a l  and s u b s t i t u t i o n a l  
d i f fus ion .  Because of t h i s  p a r a l l e l  mechanism, t h e  d i f f u s i o n  r a t e  i s  
slowed down when excess  phosphorus i s  present  dur ing  d i f fus ion .  Our 
f u t u r e  work w i l l  i nc lude  seve ra l  d i f f u s i o n s  done a t  d i f f e r e n t  phos- 
phorus p re s su res  t o  see what e f f e c t  phosphorus pressure  has  on the  
sp ikes  i n  t h e  d i f f u s i o n  f ront .  
C. Gallium Phosphide S o l a r  C e l l s  
W e  have s tud ied  two GaP s o l a r  c e l l s  t h a t  were f a b r i c a t e d  from 
c r y s t a l s  grown i n  t h i s  laboratory.  The crystals  were s u l f u r  doped 
16 - 18 -3 
w i t h  C e l l  11 having n = 6x10 cm 3, and C e l l  21  having n F 1x10 cm , 
Electro-Nuclear Corporation, Mountain V i e w ,  C a l i f o r n i a ,  d i f fused  z inc  
i n t o  t h e s e  c r y s t a l s  f r o m  a Z n A s  
was ca l cu la t ed  by them t o  give a j unc t ion  depth of 6 pm. 
0 source f o r  20 minutes a t  850 C. This  
2 
Afte r  
d i f f u s i o n ,  they  removed the d i f fused  l a y e r  from one s i d e  of each 
c r y s t a l ,  s c r ibed  and cleaned them, and etched them i n  aqua reg ia .  
They appl ied contac ts :  t o  the  n s i d e ,  a l a y e r  of 50% Au - 50% Sn 
followed by a l a y e r  of pure Au; t o  t h e  p s i d e ,  a layer of 99% I n  - 
1% Zn. 
then  mounted on TO-5 headers. 
C e l l  2 1  w a s  6 . 2 ~ 1 0  
A l l  c o n t a c t s  were alloyed a t  350°C, The solar cel ls  were 
-2 2. The a rea  of C e l l  11 was 6.8~10 c m  , 
-2 2 
c m  . 
I n  t h e  dark, both c e l l s  have similar cur ren t -vol tage  charac- 
teristics. I n  t h e  forward d i r e c t 1  n, f o r  0.1 v < V < 1.7 v, both 
have c u r r e n t s  which obey I = I e only  i f  we allow n t o  be a 
func t ion  of vol tage.  
- q9 
0 
For low vol tages  n i s  about 4. I t  inc reases  
t o  almost 9 as vol tage  increases .  Then, as  the vol tage  approaches 
-4- 
L .  
1.7v, n decreases  t o  about 4 again. T h i s  result i s  similar t o  
[Ref. 41 Koike 's  . 
The s h o r t  c i r c u i t  cur ren t  s p e c t r a l  response i s  shown i n  
F igure  4. 
monochromator, w a s  shined d i r e c t l y  on a solar cell. 
microvolt-ammeter was used t o  measure t h e  s h o r t  c i r c u i t  cu r ren t  of 
the cell.  When needed, an o p t i c a l  f i l t e r  w a s  placed i n  t h e  l i g h t  
path t o  remove second order  r ad ia t ion .  The response curve was 
A monochromatic beam of l i g h t  from a Bausch and Lomb 
An HP 423 A 
cor rec ted  f o r  t h e  emission spectrum of t he  l i g h t  source and f o r  any 
n o n l i n e a r i t i e s  t h e  monochromator might have. Then t h e  curves were 
normalized so t h a t  t h e  peak of each curve was given a value of u n i t y .  
Each s p e c t r a l  response curve may be explained q u a l i t a t i v e l y  by 
saying t h a t  i t  i s  t h e  product of two curves.  The f i r s t  curve g ives  
t h e  response t h a t  t h e  c e l l  would have i f  a l l  of t h e  l i g h t  w e r e  
absorbed a t  the p-n junct ion.  I t  would be ze ro  f o r  photon ene rg ie s  
from zero  t o  about 2.24 e.V. ( s i n c e  the band gap of GaP i s  2.24 e.V. 
a t  room temperature) ,  and then i t  would begin t o  rise w i t h  i nc reas ing  
photon energy as more and more allowed t r a n s i t i o n s  become ava i lab le .  
T h i s  curve would even tua l ly  s a t u r a t e  when t h e  photon energy became 
s u f f i c i e n t l y  l a r g e  t o  e x c i t e  any e l e c t r o n  from t h e  valence band i n t o  
any state i n  t h e  conduction band. 
The second curve gives the amount of l i g h t  t h a t  i s  a c t u a l l y  
absorbed wi th in  one d i f fus ion  l eng th  of t h e  d e p l e t i o n  region. The 
i n t e n s i t y ,  I, of l i g h t  t r a v e l l i n g  through t h e  c rys ta l  decreases  as 
I = exp (ax) 
-5 - 
e -  
where I i s  the i n t e n s i t y  of l i g h t  a t  t h e  s u r f a c e  where x = 0, and CY i s  
the absorpt ion c o e f f i c i e n t .  S ince  a inc reases  ab rup t ly  when t h e  photon 
energy reaches the  energy of the  d i r e c t  gap i n  GaP (est imated by 
va r ious  workers t o  be between 2.6 e V  and 2.8 e V ) ,  t h e  amount of l i g h t  
reaching t h e  junc t ion  decreases  ab rup t ly  a t  t h a t  value of energy. 
Thus t h e  spectral response curve i s  t h e  product of one curve t h a t  
begins t o  rise a t  about 2.24 eV and a second which drops sha rp ly  a t  
about 2.7 eV. 
0 
The f a c t  t h a t  l i g h t  t r a v e l l i n g  through the c r y s t a l  i s  a t tenuated  
exponent ia l ly  wi th  distance means t h a t  more l i g h t  w i l l  be absorbed i n  
t h e  region of t h e  junc t ion  if t h e  junc t ion  i s  near  t h e  surface.  T h i s  
i s  p a r t i c u l a r l y  true for  u l t r a v i o l e t  r a d i a t i o n  where t h e  absorp t ion  
c o e f f i c i e n t  i s  high. Pu t t ing  t h e  junc t ion  c l o s e  t o  t h e  s u r f a c e  
w i l l ,  however, i n c r e a s e  t h e  series r e s i s t a n c e  of t h e  cell ,  impair ing 
i ts  performance somewhat. 
The power curve i s  p lo t ted  i n  Figure 5. For t h i s  measurement, 
t h e  solar cells w e r e  placed i n  direct  sun l igh t  which may be assumed 
t o  have a power of about 10 . Under t h i s  assumption both 
cells are about 0.1% e f f i c i e n t .  
2 -1 watts/cm 
Future  work i n  t h i s  area w i l l  c o n s i s t  of making s e v e r a l  more 
cells  and i n v e s t i g a t i n g  t h e i r  responses a s  func t ions  of j unc t ion  depth 
and donor concent ra t ion  i n  t h e  n region. 
-6- 
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A { l l o )  Cross-Section of C r y s t a l  C 1  Af t e r  Di f fus ion  
and Etching. 
Another Region of t h e  (110) C r o s s  Sec t ion  of C1. 
The {ill) Surface  of C r y s t a l  C1. Th i s  i s  t h e  same 
Sec t ion  of t he  C r y s t a l  a s  shown i n  F igu re  2. 
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of S o l a r  C e l l s  11 and 21. 
Output Current  and Voltage f o r  S o l a r  C e l l s  11 and 21 
Under Sunl ight  . 
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"he purpose of t h i s  p ro jec t  i s  t o  s tudy t h e  p r o p e r t i e s  of GaP and 
GaAsxP1-x r e l evan t  t o  t h e i r  use a s  semiconducting m a t e r i a l s .  
I n  previous r e p o r t s  w e  have developed a t h e o r e t i c a l  and experimental  
t reatment  of a p a r t i c u l a r  kind of deep impuri ty  i n  semiconductors, t h e  
kind i n  which there is  a n  incomplete e l e c t r o n  s h e l l .  Op t i ca l  abso rp t ion  
due t o  t r a n s i t i o n s  wi th in  t h e  s h e l l  g ives  u s  information concerning t h e  
e l e c t r o n  conf igu ra t ion  and l a t t i c e  si te of t h e  impuri ty .  A simple semi- 
empi r i ca l  model  e x p l a i n s  t h e  pos i t i ons  of t h e  impuri ty  energy l e v e l s  w i t h  
respect t o  t h e  valence and conduction bands and a l lows  some p r e d i c t i o n s  
t o  be made concerning unknown l e v e l s .  I n  t h i s  l a s t  q u a r t e r  w e  have g iven  
some cons ide ra t ion  t o  t h e  problem of o p t i c a l  t r a n s i t i o n s  from t h e  impur i ty  
t o  a conduct ion o r  valence band. Although t h e s e  t r a n s i t i o n s  a r e  of g r e a t  
t echn ica l  importance, a s  for  ins tance  i n  photoconductivity,  t h e r e  e x i s t s  
a s  yet  no theory  of s u c h  th ings  a s  t h e  e x c i t a t i o n  spectrum o r  t h e  s t r e n g t h  
of t h e  t r a n s i t  ion.  
Consider a t r a n s i t i o n  i n  which t h e  impurity h a s  a conf igu ra t ion  dn 
n-1 i n  t h e  i n i t i a l  s t a t e  and d i n  t h e  f i n a l  s t a t e .  ("he theory a l s o  
holds  for  f n  conf igura t ions . )  The electric d ipo le  is represented by a 
one-electron ope ra to r  so the re  is  a s e l e c t i o n  r u l e  t h a t  t h e  t r a n s i t i o n  
mat r ices  w i l l  only involve  s i n g l e  o r b i t a l  changes. W e  t h e r e f o r e  need 
only cons ider  terms of t h e  type 
where  S,T a r e  s p i n  and symmetry l a b e l s  and vb,cb s tand f o r  a valence 
band or  conduction band s t a t e  r e spec t ive ly .  I t  is  poss ib l e  t o  uncouple 
a d -o rb i t a l  from t h e  conf igura t ion  by us ing  t h e  idea of f r a c t i o n a l  
parentage.  Tabula t ions  of t h e  r e l evan t  c o e f f i c i e n t s  a r e  g iven  f o r  example 
dn 
by G r i f f i t h '  o r  by Nielson and Koster.2 By t h i s  means t h e  e lements  of 
Eq. (1) can  be reduced t o  terms of t h e  form 
To i l l u s t r a t e  t h e  behaviour of these terms w e  cons ide r  a t igh t -b inding  
model of a semiconductor w i t h  band extrema a t  t h e  cen t r e  of t h e  B r i l l o u i n  
zone, a s  f o r  example t h e  11-VI  compounds. I n  these  t h e  t o p  of t h e  valence 
band i s  made up p r e d m i n a n t l y  of atomic p -o rb i t a l s  and t h e  ma t r ix  e lements  
(2) correspond t o  allowed t r a n s i t i o n s .  The o p t i c a l  spectrum w i l l  t hen  
reflect t h e  d e n s i t y  of s t a t e s  and w i l l  have t h e  form 
1/2 
( v  - vo) 
i s  t h e  energy of the  sepa ra t ion  of t h e  impuri ty  from t h e  
hvO 
where 
valence band. A t  h ighe r  ene rg ie s  t h e  absorp t ion  w i l l  con ta in  e x t r a  terns 
corresponding t o  t h e  impuri ty  ending i n  an  e x c i t e d  s t a t e .  
The conduct ion band i s  made up of s - o r b i t a l s  n e a r  t h e  minimum so 
t r a n s i t i o n s  a r e  par i ty-forbidden.  Two e f f e c t s  then  come i n t o  play.  As 
one goes up t h e  conduction band p- l ike  behaviour occurs .  The magnitude 
of t h i s  c o n t r i b u t i o n  could be es t imated  f o r  i n s t a n c e  by a 5 . E procedure.  
There w i l l  be a gradual ly  increas ing  con t r ibu t ion  t o  t h e  i n t e n s i t y  a s  
energy inc reases .  I n  addi t ion,  i f  t h e  l a t t i c e  s i te  of t h e  impuri ty  l a c k s  
- 2 -  
i nve r s ion  symmetry, a s  i n  t h e  zinc-blende o r  w u r t z i t e  s t r u c t u r e s ,  t h e n  
p a r i t y  w i l l  no t  be a good quantum number f o r  t h e  impuri ty  o r b i t a l s .  W e  
may w r i t e  t h e  t - o r b i t a l s  i n  the  form 2 
cos81t2(d)) + s in81t2(p) )  (4) 
where 8 i s  a small  angle,  descr ib ing  mixing of valence band and impuri ty  
o r b i t a l s .  The odd p a r i t y  part w i l l  t hen  have a non-zero i n t e r a c t i o n  wi th  
t h e  s - l i k e  conduct ion band. In  o r d e r  t o  eva lua te  t h i s  con t r ibu t ion  it is  
necessary t o  e s t i m a t e  8, which can be done i n  p r i n c i p l e  by us ing  t h e  
measured o s c i l l a t o r  s t r e n g t h s  f o r  t r a n s i t i o n s  w i t h i n  t h e  d-she l l .  
The ground-work of t h e  theory has  now been l a i d ,  and w e  can procede 
t o  bu i ld  on i t .  For  t h e  exper imenta l i s t ,  t h e  upshot of a l l  t h i s  i s  a s  
follows. Op t i ca l  t r a n s i t i o n s  from t h e  valence band of a 1 1 - V I  or 1 1 1 - V  
semiconductor t o  a t r a n s i t i o n  metal  impuri ty  w i l l  be s t rong  and have a 
s imple spectrum w i t h  a reasonably well-defined threshold  corresponding 
t o  t h e  energy l e v e l  of  t h e  impurity. T r a n s i t i o n s  t o  t h e  conduction band 
w i l l  have a fom which  c o n s i s t s  of t h e  a d d i t i o n  of a number of terms 
and w i l l  be weak i n  t h e  threshold region.  Empirical  ex t r apo la t ion  t o  a 
t h r e s h o l d  energy i n  o rde r  t o  obta in  t h e  impuri ty  energy l e v e l  may be a n  
u n r e l i a b l e  procedure.  
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The purpose of t h i s  p r o j e c t  i s  to  s tudy t h e  behavior of 
shallow donols in  gal l ium phosphide. I n  p a r t i c u l a r ,  S, Se, and Te 
w i l l  be d i f fused  i n t o  G a P  t o  determine s o l u b i l i t i e s  and d i f f u s i o n  
parameters. Th i s  information w i l l  be use fu l  i n  d e l i n e a t i n g  t h e  
p r o p e r t i e s  of GaP doped with t h e s e  shallow donor impur i t ies .  
35 The f i r s t  s t e p  w i l l  be a r a d i o t r a c e r  experiment wi th  S 
being d i f fused  i n t o  GaP. From t h i s  work w e  hope t o  map out  the 
s o l i d u s  curve (or a t  least  t h a t  po r t ion  of t h e  region without excess ive  
pressures)  and the  d e t a i l s  of t h e  d i f f u s i o n  process;  t h a t  i s  t h e  
d i f f u s i o n  p r o f i l e  and the  d i f f u s i o n  cons tan t .  These d a t a  w i l l  be 
va luable  i n  t h e  f a b r i c a t i o n  of devices  doped wi th  s u l f u r  by d i f fus ion .  
The s o l i d u s  region of a t e r n a r y  system may be mapped as 
shown i n  Fig. 1 for  the Ga-As-Zn system.’ T h i s  diagram shows t h e  
region of t h e  s t a b i l i t y  of z inc doped GaAs i n  terms of t h e  z i n c  and 
a r sen ic  pressures .  (The diagram i s  a schematic only  and no numbers 
a r e  given.) The t e r n a r y  systems being s tudied  a r e  of p a r t i c u l a r  
i n t e r e s t  because t h e  s o l i d u s  region i s  expected t o  be q u i t e  ex tens ive  
with h igh  donor s o l u b i l i t i e s  i n  t h e  host  GaP latt ice.  
Radautsan and Negresku12 have repor ted  on s o l i d  s o l u t i o n s  
of GaP and Ga S which were formed by fus ing  t h e  two components under 
v i b r a t i o n  mixing. Quite  high s o l u b i l i t i e s  were found. For t h e  
2 3  
system ( ~ a  P I x  ( ~ a 2 ~ 3 ) 1 - ~  9 s o l i d  s o l u t i o n s  were reported from 
NSF Fellow 
3 3  
* 
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2 100% Ga3P3 (x = 1) t o  30% Ga P (x = 0.3) . It w a s  suggested t h a t  t h e  
3 3  
s o l u b i l i t y  may be even h igher  under more optimum condi t ions.  For t he  
case reported by these  workers, t h e  concent ra t ion  of s u l f u r  atoms i s  
roughly 1.7 x 10 or  a t h i r d  of the t o t a l  atoms i n  t h e  c r y s t a l .  22 
Previous at tempts  to  dope G a A s  heav i ly  w i t h  s u l f u r  have 
r e s u l t e d  i n  t h e  formation of a G a S  phase a t  t h e  surface.’ W e  hope 
t o  avoid t h i s  d i f f i c u l t y  i n  GaP by working wi th in  t h e  s o l i d u s  boundary 
wi th  a proper  choice  of s u l f u r  and phosphorus pressures .  
The electrical p rope r t i e s  of s u l f u r  doped GaP should be 
q u i t e  i n t e r e s t i n g  s ince ,  while GaP l i g h t l y  doped wi th  s u l f u r  i s  n-type, 
Ga S l i g h t l y  doped w i t h  P i s  expected t o  be p-type. S i m i l a r  s t u d i e s  
of t h i s  t r a n s i t i o n  region i n  t h e  Ga-As-Se system have been c a r r i e d  out  
by Vieland and Kudman. 
2 3  
4 
Our work wi th  Se  and Te i n  GaP is  expected t o  fol low t h e  
same procedures a s  t h a t  being done wi th  s u l f u r .  
Experiment a1 
During t h e  l a s t  qua r t e r  3 undoped GaP c r y s t a l s  w e r e  grown 
by t h e  open tube  method developed by Chen and Loescher i n  t h i s  
l a b ~ r a t o r y . ~  R e s i s t i v i t y  and mob i l i t y  measurements on these  c r y s t a l s  
us ing  the  Van de Pauw method y i e l d e d  t h e  r e s u l t s  shown i n  Table 1. 
(Sigh of t h e  mobile carriers has  not  y e t  been determined.) Planning 
of the r a d i o t r a c e r  experiment i s  proceeding, and d i f f u s i o n s  w i l l  be 
s t a r t e d  next qua r t e r .  
-2- 
Hall C arri er 
Mobility Concentration 
Crystal No.  (ohm-cm) ( c m  2 /v-sec) ( c m  -3) Res i s t iv i ty  
15 1 23.6 96 2.8 x 10 
15 2 7- 9 112 7 x 10 
15 3 24.8 60 5 x 10 
TABLE 1 
R e s i s t i v i t y  and Mobility of Undoped 
GaP Crystals Grown During This Quarter 
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FIGURE TITLFS 
Fig. 1 Solidus Region of the  Ga-As-Zn System 
(Schematic Only). 
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